Silica (SiO 2 ), magnesia (MgO), and alumina (Al 2 O 3 ) are principal oxides composed of third period elements. These oxides are prerequisite materials in the field of ceramic science and technology but are not regarded as functional materials in their pure forms. In our recent publications, however, we have demonstrated that these refractive oxides can exhibit efficient ultraviolet/ visible emissions by carefully controlling their microscopic structure and stoichiometry without adding any activator metals. Some intriguing properties, such as white light emission, random lasing, photoinduced reversible interconversion of color centers, have been achieved. The present approach will open up new routes and new strategic issues to produce highly functionalized materials consisting solely of third period elements.
Introduction
Oxides of third period elements such as silica (SiO 2 ), magnesia (MgO), and alumina (Al 2 O 3 ) have been widely used in the ceramic and glass industries. These oxides are often referred to as refractory oxides because of their high melting temperatures. Historically, they served as raw materials for traditional ceramics and glasses, for example, fireclays, high alumina bricks, and window glasses. In the middle part of the twentieth century, however the ceramic and glass industries began a general shift from traditional materials toward more advanced (highly engineered) ones. One of the main differences between traditional and advanced materials is a degree of purity. 1) Traditional ceramics and glasses tend to contain large amounts of impurities, indicating that they can have significant variations in composition and performance depending on the source of raw materials. On the other hand, advanced materials usually consist of pure oxides, and their compositions are carefully controlled to yield their best potential performance. Thus, advanced materials owe their progress not only to deeper understanding of the structure and properties of raw oxide materials but also to the recent advances in purification technique.
Accordingly, the pure forms of silica, magnesia, and alumina have found many applications in the field of today's advanced materials. It should be noted, however, that they are mostly used as physically and chemically inert materials, e.g., substrates for GaN-based devices, optical fibers, and gate insulators. In other words, oxides of third period elements themselves cannot be regarded as functional materials because they hardly interact with external electric and magnetic fields. Even when incorporated in functional materials, these oxides are expected to behave as a stable matrix containing various activator ions. One example is a Ti:sapphire laser rod, in which sapphire (¡-alumina) is used as an excellent laser host with high optical transparency and good thermal conductivity.
However, we have recently demonstrated that silica-, magnesia-, and alumina-based luminescent materials can be produced not by adding any metal activator ions but by carefully controlling their defective states and composition. In this review, we give a brief description how these refractory oxides can be converted into luminescent bodies and show some of the resulting photoluminescence (PL) characteristics.
Silica (SiO 2 )
It has previously been well documented that there exit various types of medium-range order and structural defects in amorphous silica both in bulk forms and nanoparticles.
2)23) It is interesting to note that some of the defects show PL bands in the UV and visible regions under excitation mainly of UV light. As for the optically active defects in bulk silica glass, their PL characteristics, including the structural origins, absorption/luminescence bands, and PL decay dynamics, have been rather well investigated, as comprehensively reviewed by Skuja. 3) On the other hand, studies on the PL of silica nanoparticles are rather limited, and the relationship between their structural and PL properties has not been fully understood yet.
The attention to PL from nanostructured silica-based materials was originally derived from the discovery of red PL from porous silicon layers at room temperature in 1990 by Canham, 24) which initiated vigorous research in this field during the past decades. Soon after the report of red PL, it was found that PL in the infrared and blue-green/UV regions can be observed from porous silicon. 25) , 26) In addition to porous silicon, a large number of studies have been recently carried out for the PL of silicon-based nanostructures such as silicon nanocrystals and quantum wells, wires and dots. 27)29) In what follows, we will first give a brief overview of the PL from silicon-and silica-related nanostructured materials before going into details of our recent results on silica nanoparticles.
Blue-green PL from silica-based nanostructured materials
The blue-green PL is observed from porous silicon samples that have been subject to proper oxidizing treatment. 25 ),26) The peak position is sensitive to the excitation wavelength; some oxidized porous silicon samples show PL shifts by 0.4 eV for an excitation energy shift of 1.4 eV.
30) The PL decay is generally characterized by a non-exponential or a multi-exponential function 30) with a decay time of several nanoseconds. The PL excitation (PLE) spectra of oxidized porous silicon generally have three broad bands at around 265, 300, and 360 nm.
31)
The blue-green emission band is also observed in the PL spectra of bulk silica glass, nanostructured silica-based materials, such as mesoporous silica 32)35) and silica nanoparticles, 36)39) and silica xerogels. 40)42) As for the blue PL (³460 nm) in bulk silica glass, the emission is characterized by a decay time of ³10 ms, 43) and PLE bands at ³180, ³250, ³390 nm. 3) This type of emission observed from bulk silica glass is attributed to the triplet-to-singlet transition of the silylene-type center.
3) Since the decay time and PLE bands of the blue PL in bulk silica glass (³10 ms) are quite different from those in oxidized porous silicon (³ns), these two types of blue PL bands most likely derive from different structural origins.
We have demonstrated that the blue emission from fumed silica show a non-exponential decay with a decay time of several nanoseconds (see Fig. 1 ), 44) similar to the case of oxidized porous silicon. Thus, the blue PL characteristics that were originally found in oxidized porous silicon can also be seen in silica-based nanostructured materials. It is hence probable that the origin of the blue emission from silica-based nanostructured materials is analogous to that from oxidized porous silicon rather than that from bulk silica glass. Glinka et al. 37)39) reported that fumed silica exhibits blue PL under two-photon-excitation by 6.4-eV ArF laser light as well. However, the two-photon-excited PL should be differentiated from the blue PL emission mentioned above because the former PL results from the electronhole recombination of self-trapped excitons 37) and will not be related to any particular defect centers.
Thus far, there have been several structural models as for the origin of the blue PL band observed from silicon-and silicabased nanostructured materials. Although it is generally accepted that a certain surface-related defect center is related to the blue PL band, its structural origin is still a matter of controversy. Some researchers suggest that surface carbonaceous contaminations, e.g., carbonyl-related chromophores, are responsible for the blue PL band. 30) , 42) These carbon-related chromophores may be responsible for the blue PL emission in heavily aged samples 30) and in the samples to which carbonaceous compounds are intentionally added. 42) However, these organic chromophores will not be prerequisite to show the blue PL output because, as shown in Fig. 1 , high purity fumed silica also exhibits a blue PL band in the nanosecond time domain. 44) Another possible candidate of the surface emission center is the silanol groups adsorbed on the surface. We 44), 45) have recently put forwarded a model that can explain the blue emission from silicon and silica-based nanostructured materials. We 44) have shown from density functional theory (DFT) cluster calculations that the dehydroxylation reaction of a pair of geminal silanol groups results in the formation of a metastable defect pair consisting of a dioxasilirane-type, =Si(O 2 ), and a silylene-type, =Si:, center (see Fig. 2 ). The surface of oxidized porous silicon and silica nanoparticles will be covered with a number of silanol groups, and it is reasonable to expect that the dehydroxylation reaction proposed in Fig. 2 will occur at their surface during the annealing process. The calculated singlet-to-singlet transition energies of the defect pair have been shown to be in good agreement with the peak positions of the PLE spectra of blue-light-emitting silicon-and silicabased nanostructured materials. 44) As mentioned previously, the silylene-type center itself show the blue PL, but its excitation energies and the decay time are quite different from those of the blue PL observed from silicon-and silica-based nanostructured materials. We 44) suggested that the observed PL characteristics can be interpreted in terms of the excitation processes of the defect "pair" consisting of a dioxasilirane-type, =Si(O 2 ), and a silylene-type, =Si:, center, which are expected to be created during annealing at temperatures from ³100 to ³400°C.
Furthermore, We have reported that self-assembled monolayers (SAMs) formed from octadecyltrichlorosilane (OTS) 46 ), 47) and other related organicinorganic hybrid silica based materials 48),49) also exhibit a F-band like blue PL after appropriated annealing processes. This PL emission from organicinorganic hybrid materials can be interpreted in terms of the mechanism shown in Fig. 2 as well because the organosilanes are terminated by silanol groups as in the case of fumed silica surface, and the terminal silanol groups are likely to be converted into the proposed defect pair during appropriate heating.
White-light PL emission from sintered fumed silica
We 50) have reported that bulk transparent silica glass prepared from solid-phase sintering of fumed silica exhibits intriguing PL properties under excitation of UV light (see Fig. 3 ). The sintered sample shows highly stable white light emission upon one-photon UV irradiation. Among the properties observed, of particular interests are the following three aspects, which are quite different from the blue PL characteristics mentioned in Sec. 2.1:
(1) This material is optically transparent and nonporous at least on a macroscopic length scale although it is synthesized by solidphase sintering of nanometer-sized silica particles below 1000°C. (2) The thus obtained silica glass exhibits PL emission, which appears white to the naked eye, in the wavelength range from ³400 to ³700 nm at room temperature under the one-photon ultraviolet (UV) excitation in the wavelength region from ³200 to ³300 nm (Fig. 4) . The PL emission is quite stable after prolonged exposure to the atmosphere.
(3) Finally, the observed PL decay is composed of two decay components, which are adequately modeled by the following function,
where¸is a effective decay time, ¢ a dispersion factor between 0 and 1, A a preexponential factor, and subscripts, f and s, the values for the fast and slow components, respectively (see Fig. 5 ). The second term in Eq. (1) is the so-called stretched exponential function, which is often observed in disordered systems 51)53) and is believed to be a consequence of the dispersive diffusion of the photoexcited carriers. 54) 56) It has been found that the values of¸f and¸s exhibit a different dependence on temperature T; 57)¸f shows a rapid decrease with T and practically vanishes at temperatures above ³350 K. On the other hand,¸s is almost unchanged in the temperature range from 77 to ³250 K and then shows a gradual decrease with higher temperatures. From the temperature dependence of the PL data, we 57) have found that at low temperatures (<³200 K), the thermally activated formation process of an electronhole pair dominates the quantum yield of the PL emission. At high temperatures (>³200 K), the radiative decay of the electronhole pair begins to competes with nonradiative decay channels, and a simultaneous decrease of¸and I(t) is observed. We 57),58) suggest that highly deformed siloxane linkages in the sintered samples are responsible for the present PL phenomena. It is quite likely that such defective structures are created at the interface between fumed silica particles during the solid-phase sintering process (Fig. 6 ).
Magnesia (MgO)
MgO and its relevant oxygen vacancies have been widely studied both experimentally and theoretically because of its simple rock-salt structure. 59), 60) In MgO crystals, it has been demonstrated that there exist two principal oxygen vacancies, namely, the F + (an oxygen vacancy occupied by one electron) and F (an oxygen vacancy occupied by two electrons) color centers, which are oxygen vacancies with one and two electrons, respectively. Both the F + and F color centers absorb essentially the same energy of ³5 eV (³250 nm) but show different photoluminescence (PL) bands peaked at ³400 and ³500 nm, respectively. 61),62) The PL bands of these color centers are quite broad because the electronic states of the oxygen vacancies in such ionic crystals are tightly coupled to the crystal phonons. It has hence been suggested that, although challenging, the colored MgO crystal is a potential candidate for tunable solid-state lasers operating over a considerable part of the visible spectrum. 63) We have recently reported the first observation of laserlike emission from the MgO microcrystals that are synthesized through the solid phase reaction between silicon monoxide (SiO) and Mg under Ar atmosphere.
64) The thus obtained microcrystals consist mostly of the accumulated MgO crystalline cubes on the order of a few micrometers and exhibit two rather strong PL signals peaking at ³400 and ³500 nm, which are attributed to the emissions from the F + and F centers, as mentioned above. Stimulated emission was observed at room temperature in the near-ultraviolet to the blue-green spectral region without using cavity mirrors. We have further demonstrated that the observed stimulated emission results from multiple-light scattering with gain in the luminescent MgO microcrystals. Principal results obtained thus far will be given below.
Preparation and structural characteristics
In general, introduction of color centers in MgO is quite difficult and challenging since the removal of oxygen atoms from the crystalline lattice of MgO requires a large amount of energy (³10 eV). 65) Recently, we found a rather simple method to prepare colored MgO crystals by using the following solid-phase reaction between Mg and silicon monoxide (SiO) at 450°C under Ar: 64) xSiO þ Mg ! MgOx þ xSi ðx < 1Þ:
It is interesting to note that the colored MgO microcrystals containing F and F + centers are preferentially sublimated during the reaction and hence can be easily collected. It is hence most likely that the oxide sublimate in the form of suboxides.
The XRD pattern of the powders thus obtained is shown in Fig. 7 . We see from Fig. 7(a) that that the powders consist mostly of MgO although the materials found in the reaction crucible are mixtures of MgO, Si and Mg 2 Si. A SEM image of the sublimated powders [see Fig. 7(b) ] shows that there are well defined {100} facets derived from the accumulated crystalline cubes on the order of a few micrometers. From the EDX analysis [see Fig. 7(c) ], these cubes are identified as MgO. The existence of facets can be considered as evidence of relatively good crystallinity of the powder particles.
Lasing characteristics
We next turn to the lasing characteristics of the colored MgO powders. When a xenon lamp is used as an excitation source, the sample shows broad emission bands peaking at ³400 and ³500 nm, which are attributed to the emissions from F + and F centers, respectively (see Fig. 8 ). For high-fluence (>³20 mJ/cm 2 ) excitation using a pulsed Nd:YAG laser, however, the powder sample shows unprecedented emission behaviors. We also notice from Fig. 9 that the intensity of the F + center band at ³400 nm preferentially increases with pumping fluence up to ³140 mJ/cm 2 , demonstrating the amplified spontaneous emission. Then, the emission signal shows a rapid increase in intensity above the threshold of ³160 mJ/cm 2 (see Fig. 10 ), accompanied by the appearance of two sharp peaks at 384 and 518 nm, illustrating that laserlike emission occurs in the present MgO powder. Figure 11 shows the results of a pump-and-probe gain measurements for the colored MgO sample under excitation Fig. 8 . Typical PL and PLE spectra of sublimated MgO powders. The excitation wavelength of the PL spectrum is 256 nm, while the monitor wavelengths of the PLE spectra are 500 nm (upper line) and 400 nm (lower line).
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fluence of 210 mJ/cm 2 , which is above the threshold fluence of ³160 mJ/cm 2 . 66) In the pump-and-probe measurements, a semiconductor laser diode (405 nm, 3.5 mW) was used as a probe beam. We see from Fig. 11 that the intensity of the probe beam is amplified during irradiation of the pulsed Nd:YAG laser used as a pump beam, yielding the gain G() of ³1.8 at 405 nm. This pumpprobe measurement demonstrates that the optical amplification indeed occurs even in the wavelength region outside the sharp peaks at 384 and 518 nm, corroborating a broad band nature of the present lasing process.
We suggest that the observed light amplification process results from random lasing, 67),68) which is induced by multiple scattering in an amplifying disordered medium. Recently, the interest in random lasing has increasingly grown since the observation of this phenomenon from powder phosphors of Nd-doped laser crystals. 69) Later experiments have further demonstrated that random laser action is observed in a variety of systems, for example, scattering microparticles in a laser dye solution 70) and aggregations of active semiconductor powders such as ZnO. 71) Although random laser action appears to be observed generally in amplifying disordered media, the lasing characteristics, e.g., band width, decay time, lasing threshold, are strongly dependent on the factors that can potentially affect the scattering process, such as particle size, 72) pulse width of the excitation laser, 73) pumping beam diameter. 71) It is hence probable that the lasing behavior of the present colored MgO microcrystals may also be affected by the conditions for pumping and the particle characteristics. These issues need to be confirmed, and the relevant experiments are now under way by the present authors.
Alumina (Al 2 O 3 )
Similar to the case of MgO mentioned in Sec. 3, structure and optical properties of color centers in ¡-Al 2 O 3 have been extensively studied during the past decades 74)76) although it is difficult to introduce a substantial amount of the color centers in ¡-Al 2 O 3 as well. Recently, we have proposed an effective method to introduce oxygen vacancies in ¡-Al 2 O 3 .
77) The method is based on vacuum heating of a polycrystalline ¡-Al 2 O 3 powder, producing a sphere-shaped solid consisting of ¡-Al 2 O 3 single crystals. The thus prepared ¡-Al 2 O 3 contains not only oxygen monovacancies, namely, the F + and F centers, but also aggregated oxygen vacancies, including the F 2 and F 2 + centers. We have also found that a completely reversible interconversion between the F-and F 2 -type centers occurs by irradiating different wavelengths of light.
Preparation and structural characteristics
To achieve highly reducing and vacuum atmospheres we heated the ¡-Al 2 O 3 powders (³0.01³0.1 g) in a graphite crucible using a high frequency induction heating unit under continuous evacuation with a turbo molecular pump down to ³10 ¹3 Pa. The heating temperature was raised up to ³1900°C at a rate of ³500°C/min and maintained at the same temperature for 3 min. We found that when the sample was heated in vacuum, the starting ¡-Al 2 O 3 powders were melted and condensed to form a translucent sphere-shaped solid with a smooth and lustrous surface (see the inset of Fig. 12 ). The size of the sphere can be varied from several tens of micrometers to a few millimeters by changing the amount of starting polycrystalline ¡-Al 2 O 3 powders mounted in a carbon crucible. Figure 13 shows the XRD patterns of the vacuum-heated sample. It is clear from Fig. 13 that all the observed peaks of the ground powders are perfectly indexed to the XRD pattern of ¡-Al 2 O 3 . We should note, however, that when the XRD patterns of Fig. 9 . Emission spectra of the sublimated MgO powder. The forth harmonic of a pulsed Nd:YAG laser (266 nm) was used for excitation. The pumping density is (from bottom to top) 7, 22, 45, 88, 120, 160, 190, 230 , and 270 mJ/cm 3 . The asterisk indicates the second harmonic of the Nd:YAG laser contaminated in the incident laser beam. the sample prepared in vacuum were measured without grinding, the resulting XRD patterns depend strongly on the orientation of the sample to the incident X-ray beam. By carefully choosing the orientation, only one sharp XRD peak that satisfactorily matches with one of the XRD peaks of pure ¡-Al 2 O 3 was found. These results allow us to assume that the grain size of the crystallites in the sphere-shaped solid is so large as to yield only one peak in the XRD patterns. To get a better knowledge about the crystallites in the sphere-shaped solid, we crushed the sphere and investigated the surface morphology with a scanning electron microscope (see Fig. 14) . We see from Fig. 14 
Reversible photoinduced interconversion of color centers
We found the present vacuum-treated ¡-Al 2 O 3 sample contains a variety of color centers, including F, F + , F 2 , and F 2 + centers (see Figs. 15 and 16) . We also found that the F 2 + -center emission exhibits a reversible increase and decrease in intensity when the sample is subject to irradiations with 303-and 225-nm lights, respectively, before monitoring the F 2 + -center emission (see Fig. 17 ). On the other hand, the alternate irradiations with 303-and 225-nm lights induce the photobleaching and photorecovery of the F 2 -center emission, respectively (see Fig. 17 ). Thus, there certainly exists an anticorrelation between the changes in the F 2 -center and F 2 + -center emission intensities caused by alternate irradiations with 303-and 225-nm lights. We, therefore, propose the following photoinduced reactions concerning the F 2 and F 2 + centers by irradiations with 303-and 225-nm lights: 77) h¯¼ 303 nm:
h¯¼ 225 nm:
Note also that the above two reactions are completely reversible with each other, as demonstrated earlier. This indicates that the photoexcited electrons created in the above photoexcitation processes will not be annihilated by other unknown recombination processes. In other words, when the photoexcited electrons created in Eq. (100) center, returning to the original concentration of the F 2 center. The details of the above photoinduced trapping and detrapping processes can be found in our recent paper.
77)

Summary and future perspectives
Thus, we have shown that oxides of third period elements, i.e., silica, magnesia, alumina, can exhibit variety of PL characteristics, such as white light emission (silica), random lasing (magnesia), and reversible photoinduced interconversion of color centers (alumina), by carefully controlling their microscopic structures and stoichiometry. This indicates that electronic structures of these simple oxides can be modified without adding any elements of extrinsic origin, allowing us to synthesize new functional materials composed solely of typical elements. In view of a potential shortage of rare earth materials, we believe this approach will attract renewed and extended interest in defects of refractory oxides. We further propose that the present strategy can be applied not only to oxides but also to borides, carbides, silicides, and nitrides, which are other interesting families of typical element compounds. These non-oxide based materials are especially interesting in terms of thermoelectronic 78) and spintronic applications.
79)
Fig. 16 . PL characteristics of the F 2 + -center in the vacuum-prepared sample. (a) PL and PLE spectra. Excitation ( ex ) and emission monitoring ( em ) wavelengths to obtain the respective PL and PLE spectra are shown. (b) PL decay curve monitored at 383 nm by excitation with the third harmonic of a pulsed Nd:YAG laser (355 nm). The thick line shows the result of least square fitting using a triple exponential function, yielding the three decay time constants of 4.5, 19 and 71 ns. Fig. 17 . Changes in the F 2 -( em = 503 nm) and F 2 + -center ( em = 383 nm) emission intensity of the vacuum-prepared sample after alternate irradiations with a 303-nm light for 3 min and a 225-nm light for 3 min. In all these measurements, a monochromated X lamp (150 W) was used as an irradiation source.
